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Compound Exocytosis
Membrane-to-membrane fusion has to be tightly regulated and SNARE proteins, located on both membranes, are part of the molecular machinery that underpin this regulation. A SNARE complex of syntaxin1, SNAP25 and VAMP supports 2 One example of diversity in exocytic processes is a mechanism of vesicle-to-vesicle fusion called compound exocytosis. This mechanisms is found in some neurones, mast cells and acinar cells and in all cases is thought to be a way of enhancing secretory output. 3 Why this occurs is a matter of speculation. In mast cells the antigen-evoked response triggers the exocytosis of all the secretory vesicles (granules) and compound exocytosis provides a mechanism where deeper lying granules can readily release their content without having to be transported to the cell membrane. 4 A similar explanation may be important but for a different reason in acinar cells. In these cells regulated exocytosis only occurs at the apical cell membrane which is a spatially complex region that circumscribes a minor proportion of the total cell area. 5 Given it is such as small area this will lead to spatial competition for granule access to fuse with this limited apical membrane. Without a process of compound exocytosis repeated rounds of granule fusion would require that fused granules be endocytosed, these endocytic compartments would need to be cleared from the sub-membrane area and then new granules would need to be transported to the cell membrane. Thus granule-to-granule fusion provides a mechanism to avoid the necessity for these protons into the outside space. In this way fusion of a genuine secondary granule leads to acidification of the primary granule and this is readily tracked with a pH sensitive dye (HPTS). 15 Our functional data using VAMP8 knockout mice show no change in primary exocytic fusion event numbers or kinetics but an almost complete loss of secondary fusion events.
14 This explains the deficit in secretion previously observed and provides strong evidence that VAMP8 is a crucial SNARE in mediating granule-to-granule fusion. In immunoprecipitation experiments we further show that VAMP8 is part of a SNARE complex that includes syntaxin3 (also found on the granule membranes) and SNAP23. We show this SNARE complex is distinct from a complex where syntaxin 2 immunoprecipitated VAMP2 (a granule SNARE) and SNAP23.
A New Model for the Molecular Control of Compound Exocytosis
Figure 1 summarizes our new model for SNARE-mediated granule-to-granule fusion and places this complex as distinct from the SNARE complex that regulates fusion of the primary granules. The remaining unresolved problems in our model are: fusion competence? SNARE complex we propose includes three proteins, VAMP8, syntaxin3 and SNAP23 that are all present on the granule membranes, how is granule-to-granule fusion within the cell prevented?
There are three possible mechanisms. First, although SNAP23 has been shown to be present on the granule membranes 16 it may be at a sub-threshold concentration and require enrichment through movement from the plasma membrane into the primary granule membrane. This model would be consistent with the localization and functional data from mast cells 8 and would present a conserved model for the control of compound exocytosis.
Second, both primary and secondary fusion processes could be regulated by the sec1/Mun18 like (SM) proteins. 1 We showed that Munc18b was in a binary fusion only occurs after fusion of primary granules. In support of this idea there is evidence for movement of SNAREs from the plasma membrane into the primary granule membrane. Evidence for SNARE redistribution into the primary granule includes immunostaining of SNAP25 in pancreatic β cells, 9 SNAP23 in mast cells 8 and syntaxin 2 in pancreatic acinar cells. 10 However, translocation of SNAREs does not prove they play a role in compound exocytosis. Only for SNAP23 in mast cells is there functional data that supports a role for this SNARE in mediating subsequent fusion of secondary granules. 8 Furthermore, the data shed no light on the composition of the SNARE complex that controls granule-to-granule fusion. By analogy to the neuronal SNARE complex, it would be expected that Q and R SNAREs located on the membranes of the fusing granules, are required to mediate fusion.
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Our Evidence that VAMP8 is a Crucial SNARE in Regulating Granule-to-granule Fusion
We chose to study the potential role of a granule SNARE, VAMP8 because there was already good evidence that the knockout mice had a deficit in secretion from pancreatic acinar cells, 11 VAMP8 was shown to be present on the granules and overexpression of VAMP8 constructs inhibited secretion 12 and finally there was apparently less granule-to-granule fusion as measured in electron micrographs. 13 To further these studies we employed livecell imaging and developed a new assay for the identification of secondary granule fusion.
14 To date the identification of primary granule and secondary granule fusion has been based on the spatial location of the fused granules. The presumption being that if granules deeper in the cell were seen to fuse these was likely to be secondary fusion events. However, it is impossible to rule out that invaginations of the cell membrane could dive deep into the cell and thus an apparent secondary fusion event could really be a primary event. In our new assay we track pH changes within the lumen of the granules during fusion. All secretory granules are acidic and granule fusion releases the steps and enhance secretory output. 3 The physiology of exocrine tissues means that they need to secrete high outputs but only for short periods of time; for example the pancreas secretes enzymes at each meal. Thus each burst of secretion is followed by long periods of quiescence during which the processes of endocytosis and transport of new granules can take place.
How is Compound Exocytosis
Regulated?
A distinction is drawn between compound exocytosis where granules fuse with each other prior to fusion with the plasma membrane and an alternative where a primary granule fuses with the cell membrane that then becomes the target for secondary granule fusion, termed sequential compound exocytosis. 3 The evidence for sequential compound exocytosis is clear in pancreatic acinar cells where larger fusion events, expected if there was prior granuleto-granule fusion, are never seen. 6, 7 The imaging methods used in these papers could readily identify larger events and, since they are never seen, this strongly supports the idea of sequential compound exocytosis.
Evidence for granule-to-granule fusion prior to fusion with the cell membrane comes from mast cells. Here cell capacitance measurements show larger capacitance increases than expected for fusion of a single granule indicating granules have fused together. 4 However, the authors use other indirect data to suggest that granuleto-granule fusion is actually dependent on an intermediate step that involves granules fusing with the cell membrane and then recapture of multigranular structures. 4 If these recaptured multigranular structures do account for the large capacitance increases then the distinction between the two models becomes less clear. In both cases granule fusion to another granule does not take place until one granule has fused with the plasma membrane. 8 Speculation as to how sequential compound exocytosis might be regulated center on the idea that after fusion of the primary granule it somehow becomes competent for subsequent fusion with secondary granules. This would provide a ready explanation as to why granule-to-granule complex with syntaxin2 and in a binary complex with syntaxin3; possibly holding the SNAREs in a "closed" conformation. 1, 14 After stimulation the syntaxins formed ternary complexes with VAMPs and SNAP23. Stimulation also affected Munc18b binding to the syntaxins, which while still present, were apparently reduced. Specific modulation of the syntaxin3/VAMP8/SNAP23 complex by Munc18b could therefore confer fusion competence on the primary granule.
Third, fusion competence of the primary granule may be controlled by an as yet other unidentified mechanisms. There are multiple changes associated with primary granule fusion that include changes to the luminal constituents (loss of content, alkalinisation, etc.,) and changes to the granule structure such as reorganization of the surrounding F-actin cytoskeleton.
In conclusion, our paper describes a crucial role for VAMP8 and identifies a SNARE complex in granule-to-granule fusion that is distinct from the SNARE complex mediating primary granule fusion. Future work is needed on the control mechanisms that "signal" primary granule fusion and its competence to fuse with secondary granules. 
